ABSTRACT
INTRODUCTION
The term fouling is usually referred to the accumulation of unwanted deposits on solid surfaces. Regarding the heat exchangers, fouling phenomenon occurs specially on heat transfer surfaces and the consequences are not negligible. The presence of the deposits, in fact, represents a further resistance to heat transfer and it is also responsible for the increase of the pressure drop.
The result is the loss of efficiency, more consumption of energy, and a higher operating cost [1] .
Several fouling mitigation techniques were adopted and great attention was paid in the past for the on-line physical mitigation of fouling in the heat exchangers. Physical mitigation techniques try to reduce fouling phenomenon modifying the interaction of the fouling precursors with the heat transfer surfaces [2] .
According to Malayeri et al. [3] , considering the physical and geometrical properties of a surfaces, the foulant deposition process can be altered in two ways, by reducing the work of adhesion between the surface and the fouling precursor or by increasing the shear stress. Key elements for these operations are the surface roughness, the surface free energy and surface geometry both at micro-and macroscopic scale.
In this research we used hydrophobic coatings to modify the surface energy of stainless steel so to reduce the interaction between the fouling precursor and the heat transfer surface.
Several researches show that lower surface energies can reduce the propensity of the surface to foul; Förster and Bohnet [4] demonstrated that the nucleation rate and the adhesion of crystals on the heat transfer surfaces decreases for low energy surfaces with an increase of the length of the fouling induction period. Zhang et al. [5] confirmed the ability of super-hydrophobic surfaces (i.e., very low surface energy) to delay bio-fouling phenomena, on the basis that the air bubbles
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4 entrapped in micro and nano-pores on the super-hydrophobic surface can create a barrier preventing the adsorption of micro-organisms. Modified polytetrafluoroethylene (PTFE) composite coatings, characterized by non-stick properties and low surface energy, were developed with good results in fouling protection. Zhao et al. [6] developed graded Ni-Cu-P-PTFE coatings for minimizing adhesion of both micro-organism and scale, showing minimal adhesion of E. Coli bacteria and CaSO 4 at the lower surface free energy values. Rosmaninho et al. [7] attested easy removal of non-microbiological milk deposits on stainless steel surfaces covered with Ni-P-PTFE coatings. Other materials have been used in order to obtain anti-fouling coatings. Wang and Liu [8] used nano-scale TiO 2 layers on copper surfaces, obtaining hydrophobic surfaces able to enlarge the fouling induction period for scale formation. Martinelli et al. [9] used amphiphilic polymer coatings in order to reduce both the hydrophobic and hydrophilic interactions between bio-foulants and solid surfaces. Results show weaker adhesion of some micro-organism on the amphiphilic films.
In this work we used α,ω-functionalized perfluoropolyethers (PFPE) for obtaining hydrophobic coatings. Typical properties of PFPE are high thermal stability, chemical inertness, hydrophobicity, oleophobicity and very low surface energy; moreover the presence of functional groups strongly changes chemical reactiveness of the polymer, allowing for example the formation of chemical bonds with chemical sites present on metal surfaces, such as -OH sites [10] . Fabbri et al. [11] attested high hydrophobicity and low surface energy for coatings obtained from different functionalized PFPE, specifically trietohoxysilane and hydroxy α-ω terminated poly(caprolactone-b-PFPE-b-caprolactone).
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Coatings features and surface energy were studied by XPS and contact angle analysis.
Moreover coatings resistance against different liquid environments was investigated.
In order to demonstrate the anti-fouling efficacy of the fluorinated coatings developed, a pilot plant with two identical shell and tube heat exchangers was built. Shell and tubes heat exchangers are the most common heat transfer equipment used in chemical industries, due to their versatility, robustness and reliability. However, this type of heat exchangers is involved in fouling phenomena if the design practice is not proper [12] . Internal and external tubes surfaces of one of the pilot heat exchangers were treated with a PFPE solution in order to obtain a protective coating. The performance of the heat exchangers was monitored and fouling resistance was determined along a period of five months.
EXPERIMENTAL PROCEDURE
Coating deposition procedure PFPE's used for obtaining the coatings have a general formula X−[OCF 2 ] n [OCF 2 CF 2 ] p −X, where X is a functional polar group and the sum n+p is between 9
and 15, while the ratio n/p is between 1 and 2.
Fluorinated coatings were prepared on stainless steel (AISI 316) surfaces. Stainless steel samples of dimensions 2 cm x 1 cm and thickness 0.5 cm were used for coating characterization and resistance determination. In order to remove the rough impurities, the samples were washed with water and brushed, before applying the coatings. For obtaining ideal surfaces suitable for XPS analysis, some samples were cleaned also by the use of organic solvents (acetone).
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The coating was applied also on heat exchanger stainless steel tubes, for anti-fouling activity determination. The tubes had internal diameter of 8 mm, 1 mm thickness and 500 mm length. A careful washing of the tubes was made with water; however tubes surfaces were not specifically treated with chemicals or mechanical equipment.
The coatings were obtained dissolving in water or in a mixture of water and 2-propanol eV. Survey analysis in the whole range of X-ray spectra and high-resolution analyses in the 
Coating resistance tests
One of the main problems related to the use of organic coatings for fouling protection is the poor stickiness and the low resistance against erosion, above all if coating thickness is below 5 µm [13] . For this reason before testing the effective anti-fouling activity of the hydrophobic coating on the pilot plant, we have investigated the coating resistance against aggressive liquid environments. The PFPE coated stainless steel plain samples were dipped into different solutions, for a period of one week; specifically the testing liquids were: tetrahydrofuran (THF), acetone, Milan municipal water, synthetic seawater (pH 8.2), sodium hydroxide solution (NaOH, pH 9), hydro chloric acid solution (HCl ,pH 2) and chloramines solution (NH 2 Cl-NHCl 2 , 300 ppm). During the tests the solutions were continuously stirred and chemicals concentration was kept constant. Moreover the coating resistance was studied at room temperature or by using thermostatic bath at higher temperatures (323.15 K; 353.15 K). The coating resistance was quantified by comparing the water contact angle values measured before and after 7 days test. The decrease in surface hydrophobicity represents the index of coating deterioration. All of the chemicals used for coating preparation, characterization and testing were purchased from Sigma Aldrich.
Heat exchanger pilot plant
A heat exchanger pilot plant was built in order to verify the antifouling properties of the fluorinated coating developed for stainless steel. The experimental equipment consisted of two shell and tubes heat exchangers AEW TEMA type. Shells had horizontal orientation and internal diameter of 90 mm. Tubes were plain type, the outside diameter was 10 mm and the thickness was 1 mm. The length of tubes was 500 mm, the layout angle was 30° and the pitch was 12.5 mm. Tubes material was stainless steel AISI 316, while shells were realized in glass. Both heat exchangers had 18 tubes, one shell-pass and six tube-passes. Flows were countercurrent. The only difference between the two heat exchangers was the presence of a PFPE coating on the tubes surfaces of only one of them.
The schematic diagram of the pilot plant is shown in Figure 1 ; the coated heat exchanger is named with the letter A (HX A), while the uncoated heat exchanger is named B (HX B).
Municipal water of the city of Milan was used as operating fluid, Table 1 Shell and tubes flow rates were regulated by the use of massive flow meters (standard accuracy ± 5% of full scale flow), placed before the tube-side and shell-side flows entrance.
During all the experimental work the shell and tubes flow rates of the two heat exchangers were kept similar; inlet flows temperatures in tube and shell were the same for the two heat exchangers, fed in parallel.
The experimental work ran for a time period of five months and during the experimentation the pilot plant worked in continuous conditions. Temperatures and flow rates values were recorded 6 times per day, at time intervals of 2 hours.
Theory for heat transfer coefficient and fouling resistance determination
The performance of heat exchangers usually diminishes with time as a result of the accumulation of fouling deposits on the heat transfer surfaces. Such an effect can be represented by a fouling resistance R f (see Eq. 3), which is a measure of the thermal resistance induced by fouling. In order to evaluate the coating effect on foulants deposition on the heat transfer surfaces of the pilot plant, the fouling resistance was determined for both the coated and uncoated heat exchangers and compared.
By knowing the flowrates and the inlet and outlet temperatures of the operating streams, it was possible to determine the overall heat transfer coefficient U.
The cold-side, or shell-side, heat transfer coefficient h C , was determined by the following relation, [14] :
The experimental Reynolds numbers, as defined by Gnielinski [14] (Re G ), ranged from 3000 to 6000, while Prandtl number varied in the range 5.9-6.2. 
In this work it was considered a general fouling resistance R f , given by the sum of the fouling resistance at the inner and outer tubes surfaces. Moreover the overall heat transfer coefficient was calculated considering the logarithmic mean value of the heat transfer surface area ( ), determined between the inner and the outer tubes surface area. For this reason in the following pages the overall heat transfer coefficient is expressed as . Contact angle measurements were performed in order to assess the hydrophobicity of the stainless steel surface after the coating deposition. Figure 2 shows typical images of water drops deposited on uncoated and coated stainless steel samples, while Table 2 reports the contact angles and free surface energies that were determined on different type of fluorinated samples.
EXPERIMENTAL RESULTS
Coating characterization
We observed a consistent decrease of free surface energy for fluorinated coated samples compared to the uncoated sample ( Table 2 ). Coating formulations named as A and C are referred to those in which 2-propanol was used as solvent, while for B and D water was used as solvent.
The difference between A and C formulation from B and D, is the presence of perfluoropolyethers with different α-ω terminations. The deposition and drying procedure for these samples were the same, i.e., 20 minutes immersion and 20 hours drying at 353.15 K.
Samples E and F were coated by using the same PFPE water formulation, coating was obtained by immerging for 5 hours the samples inside the polymeric solution and drying for 20
hours at a temperature of 403.15 K. Sample E was cleaned before the coating deposition by using organic solvents, while surface of sample F was only washed with water. There are no significant differences in contact angle values or surface free energy between these two samples. Thereby it is possible to suppose that a specific step of pre-washing, by chemicals or mechanical equipments is not necessary for the obtainment of hydrophobic surfaces, as long as new materials are used and a careful washing with water is performed before the coating deposition. 
Pilot plant experimentation
Heat exchanger pilot plant was built for determining anti-fouling properties of the The fouling resistance variation with time is presented in Figure 6 . According to the U mlg trend (Fig. 4) , also the fouling resistance (R f ) grew with time, but the values calculated for the uncoated heat exchanger were always greater than the ones evaluated for the coated heat exchanger. In Table 4 we underline a difference between the average R f values obtained from the coated heat exchanger and the uncoated heat exchanger. In the first working period the fouling resistance of the uncoated heat exchanger was 0.002 m 2 K/W higher than the one of the coated heat exchanger. This difference increased up to 0.003 m 2 K/W in the last period. Moreover the average fouling resistance value of the last period, calculated for the uncoated heat exchanger, was lower than the average value calculated for the uncoated heat exchanger in the first period.
To more clearly observe the effect of the coating used, in Fig. 7 is represented the quantity of heat transferred with respect to the time by the two heat exchangers. The two heat exchangers worked in a very similar way, the quantity of heat transferred decreased with respect were therefore involved in the same type of fouling phenomenon, as shown by the continuous decrease of heat transferred, however the loss of efficiency in heat transfer due to fouling was inferior for the heat exchanger characterized by low energy heat transfer surfaces. We estimated a total decrease in heat transfer capacity of 56% for the coated heat exchanger and of 61% for the uncoated one, in the work period between the 60 th working day to the 172 nd . Therefore we suppose that the presence of the fluorinated hydrophobic coating on the heat transfer surfaces influenced the coating layer formation and growth on heat transfer surfaces.
After 5 months of operation, the pilot plant was shut down. Some tubes samples, covered by a foulant layer, were collected. SEM and EDX analysis were performed on these samples in order to determine the composition of the deposits (Electron microscopy Philips XL-30CP with RBS detector of back scattered electrons). Fig. 8 show the presence of crystalline deposits on both the internal tube surfaces, coming from the coated and uncoated heat exchangers. Fouling deposits formation cannot be completely avoided by using a PFPE hydrophobic coating, however there is a recognizable difference in crystals structure between Fig. 8a (referred to the PFPE coated heat exchanger) and 8b (referred to the uncoated heat exchanger). On the uncoated stainless steel surface the deposit seems to form a compact layer of little crystals, on the other hand, on coated surface, crystals are bigger and more dispersed. Such a difference between the two fouled surfaces could suggest a different mechanism of adhesion of the foulant particles, maybe influenced by the low surface free energy of the coated material.
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EDX results pointed out to a high atomic content of carbon, magnesium, calcium and oxygen. Chromium and nickel derive from stainless steel (Table 5 ). Thus we can suppose that the type of fouling involved during the experimentation is scaling, probably due to calcium carbonate and magnesium oxide. Moreover no differences were detected between the deposits collected from the coated heat exchanger and from the uncoated one.
Eventually a cleaning procedure was performed by propelling foam projectiles inside some tubes of the two heat exchangers. It has been verified by this procedure an easier removal of the scale deposited inside the coated tubes than the uncoated one. The presence of the hydrophobic coating has therefore limited the scale adhesion and accumulation on the heat transfer surfaces.
CONCLUSIONS
Modification of stainless steel surface properties was obtained by the deposition of a fluorinated coating, by using α-ω functionalized perfluoropolyethers. 
